Abstract-Rotating rectifier is a basic part of synchronous generators. Inappropriate operation of this component can prove costly for the machine's owner. This paper presents theoretical analysis and experimental validation for detecting failure of brushless exciter rotating diodes that can fail either open circuit or short circuit. Harmonic analysis of the alternator output voltage waveform is performed when machine is unloaded as well as when it runs around its rated load. Apparition of characteristic frequencies can be useful to distinguish the rotating diodes state. By considering the relative amplitudes at specific harmonics, it is possible to discriminate short circuit diode failure case from open circuit diode breakdown.
INTRODUCTION
Three phase synchronous generators are the prime source of electrical energy. By their excitation systems, they can be classified into brushed and brushless machines [13] . A brushless excitation system is popular in big capacity synchronous generators since it eliminates brushes and slip rings [12] , [15] ; hence it increases reliability and reduces maintenance [7] . Such excitation systems include an exciter of a rated frequency, generally, higher than the main generator and a rotating rectifier bridge. The exciter is an inverted synchronous machine with stationary field and rotating armature structure. The armature ac voltage is rectified and delivered to the field of the main alternator. Hence, the main field voltage can be controlled by adjusting the input voltage to the brushless exciter through an automatic voltage regulator [1] . Diodes of the rotating rectifier can fail either open-circuit or short-circuit. Alternator can still operate safely with a diode that has failed open circuit. However, the transient capability of the alternator will be limited. If a diode fails short circuit, the alternator cannot operate safely. It is highly likely that damage will result from an alternator running in this particular condition. Therefore, by early detection of an eventually deterioration, unsafe conditions can be avoided and damage to components can be minimized. A suitable approach to detection of diode failure is to calculate the ratio of fundamental component of exciter field current to the dc level of the same signal. Depending on the calculated value of this ratio, the state of the rotating diodes can be ascertained (<10%: intact; between 10% and 55%: open circuit; >55%: short circuit). Indeed, when a rotating diode fails either open circuit or short circuit, a much larger ac component becomes present in the exciter field current waveform. The type of ac component is quite different and, therefore, easily distinguishable between the open-circuit and short-circuit conditions [2] . For a four-pole synchronous generator, the large increase in the double rated frequency component ( 2. s f ) of the exciter field current is a clear indicator of rotating rectifier diode shorts in both cases of positive and negative diode faults [3] . Relative amplitude ratios (according to fundamental frequency) for harmonics numbered 2 and 9 of the dc rectifier output voltage can serve as a diode fault indicator (between 20% and 30%: intact bridge; between 30% and 40%: short circuit; between 40% and 50%: open circuit) [4] .
A synchronous machine model based on voltage-behindreactance formulation of stator and field windings has been developed in [5] . While the normal field current contains harmonics that are multiples of ( 6. s f ), the unsteady and steady faulted field currents (shorted diode) both contain multiples of ( 2. s f ). Furthermore, the harmonics contained in the faulted waveforms are significantly larger than those in the normal waveform. The rectifier fault can, also, be monitored by the use of harmonic armature reaction [14] . A feed-forward controller for a brushless excitation system during the open circuit fault operation was proposed in [6] . By considering the factor defined by the relative field current variation according to the dc level and the FFT analysis, this system can operate during the open circuit fault mode as well as detecting open circuit or short circuit fault in the rotating rectifier.
II. THEORETICAL DEVELOPMENT
A brushless alternator is composed of two synchronous machines built end-to-end on one shaft (Fig. 1) . The main alternator has rotating field and a stationary armature. The auxiliary alternator serves as an exciter. It uses the opposite configuration with a stationary field coils and rotating armature. Varying the amount of current through the stationary exciter field coils [9] varies the 3-phases output from the exciter. This output is rectified by a rotating rectifier mounted on a plate attached to the rotor. Neither brushes nor slip rings are used, which reduces the number of wearing parts. (Fig. 2) , synchronous machine is driven at synchronous speed " " r Ω and rotating bridge is supposed to be supplied by an ideal sinusoidal voltage given by:
Where "
." In the following study, we neglect the effect of exciter armature impedance on the field current expression.
A. EMF expression at normal condition (intact bridge)
It is well known that rectified voltage supplied to the main coil field will oscillate around a dc component, at frequency: , 6 .
For 0 /6 /3 α π π ≤ − ≤ , its expression can be written by:
At steady state condition, by tacking account impedance of main alternator armature ( ; ) f f R L , Fourier series development of rectified voltage allows writing the field current expression:
Where ib f "U " denotes the dc component given by:
Normalized amplitude of fundamental frequency, related to dc component, is given by: When the machine is unloaded, flux embraced by stator coil " " a , can be written as:
Where " ( )" 
Because of discrete stator winding distribution, space harmonics will affect previous expression. The real EMF spectrum will contain supplementary odd frequencies:
(2 1) .
B. Effect of diode open circuit failure
As shown by Fig.3 , rectified voltage supplied to the main coil field becomes periodic at the main frequency " " in ex ω . Its expression can be written by:
By shifting " ( )" oc f u α by an angle equals to " / 2" π (spectral amplitude stills unaffected), sinus coefficients become nulls and Fourier series development allows writing: 
If we consider only the first harmonic component, approximate expression of the induced EMF becomes:
Tacking account (10), diode failure involves the apparition of new harmonics defined by: (2 1) .
Where " " 
And, Fourier series development of 
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Like diode open circuit case, diode short circuit failure involves the apparition of new harmonics defined by: (2 1) .
Compared to intact bridge case, maximal output voltage value will be severely decreased by an amount given by:
Normalized amplitude of the sixth harmonic frequency that characterizes intact bridge case is excessively increased.
III. EXPERIMENTAL RESULTS

A. Experimental Setup
The synchronous machine under consideration is a 4 kW four poles ( " 2" p = ) brushless alternator NADISCO. Its exciter machine has 14 poles ( " 7" Tests have been performed on the synchronous alternator for three cases of the rotating diodes bridge: intact circuit, one diode open circuit and one diode short circuit (Fig. 6) . The main output voltage was acquired by a differential probe HAMEG. In order to set the frequency bandwidth of the analyzed signals to a correct range, a low-pass anti-aliasing filter was implemented (Butterworth of order 5 with cut-off frequency 1 KHz). Output was connected to a data acquisition board (EAGLE PC30F). Data were performed using a sampling frequency of 25 kHz and acquisition duration was fixed at 10 seconds. For data processing, software used was MATLAB™.
To test the efficiency of the proposed diagnostic technique, the proposed fault signature was analyzed in the frequency domain. The Blackman window was chosen because it gives the best compromise between the relative side lobe attenuation and the main lobe width. The same occurrence is observed at the loaded machine condition (Fig. 10) , except the third harmonic that decreases without disappearance (-2 dB) and moderate increase of the sixth harmonic amplitude (+22 dB). 
has been observed when the alternator is unloaded as well as when it is loaded. By considering the normalized amplitude augmentation of the sixth harmonic, we can distinguish the failure source (Table I) This result can be useful to implement an online diagnosis system that allows avoiding damage resulting from an alternator running in short circuit diode failure condition.
